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We report measurements of the de Haas- van Alphen (dHvA) oscillation and a band struc- 
ture calculation for the pnictide superconductor BaNi2P2, which is isostructural to BaFe2As2, 
the mother compound of the iron-pnictide high-T c superconductor (Bai_ a; K a ;)Fe2As2. Six 
dHvA-frequency branches with frequencies up to ^8 kT were observed, and they are in ex- 
cellent agreement with results of the band-structure calculation. The determined Fermi sur- 
face is large, enclosing about one electron and hole per formula unit, and three-dimensional. 
This is in contrast to the small two-dimensional Fermi surface expected for the iron-pnictide 
high-T c superconductors. The mass enhancement is about two. 
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The discoveries of superconductivity in LaFePO (T c ~ 4 K), 1 LaNiPO (T c ~ 3 K), 2 
and LaFeAsOi-^Fz (T c = 26 K) 3 by Kamihara, Watanabe, Hosono, and coworkers have 
initiated enthusiastic search for superconductivity in layered iron and nickel pnictides. The 
superconducting transition temperature T c has quickly been raised to 43 K by the application 
of pressure 4 and to 54-56 K by the use of high-pressure synthesis and/or rare-earth/actinoid 
substitution. 5-8 Different crystal structures have also been found to be compatible with this 
new type of high-temperature superconductivity: (Bai_. r K, c )Fe2As2 (T c = 38 K), 9 a-FeSe 
(T c = 8 K), 10 and LiFeAs (T c = 18 K), 11 for example, although a-FeSe is not a pnictide. The 
key ingredient of the high-temperature superconductivity seems to be the two-dimensional 
square lattice of Fe 2+ ions. Since iron and nickel are archetypal magnetic elements and parent 
compounds, such as LaFeAsO and BaFe2As2, exhibit magnetic transitions, it is suggested that 
the paring mechanism is of magnetic origin. 

It is interesting to determine why the combination of Fe and As is unique. Among the four 
possible combinations, i.e., (Fe, Ni) x (P, As), only the FeAs combination gives high T c 's. To 
address this issue, we have initiated a fermiology study of iron and nickel pnictides, and here, 
we report the first results, namely, the results of de Haas-vam Alphen (dHvA) measurements 
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and a band-structure calculation performed for BaNi2P2- B&N12P2 crystallizes in the ThCr2Si2 
structure as BaFe2As2 and becomes superconducting below T c ~ 3 K. 12,13 

BaNi2P2 single crystals were prepared by high-pressure synthesis from the constituent 
elements: the synthesis temperature and pressure were 1250°C and 1 GPa, respectively. The 
typical in-plane residual resistivity, residual resistivity ratio (RRR) , and T c of the crystals have 
been reported to be 5 fiflcm, 18, and 2.51 K, respectively. 14 The dHvA torque measurements 
were performed on five single-crystal samples (samples #1, #2, #11, WM, and HM) with 
typical dimensions of 0.4 x 0.2 x 0.02 mm 3 by using piezoresistive microcantilevers. The 
crystal axes of samples #2 and WM were determined using X-ray diffractometry with a 
three-circle goniometer combined with a CCD area detector. For the other samples, the axes 
were identified by the inspection of the crystal shapes and surfaces: crystals are generally 
elongated along a < 110 > axis, and zigzags, each short segment of which is parallel to a 
< 100 > axis, run parallel to < 110 > axes on {001} surfaces. Samples #1, #2, and #11 
were measured up to a magnetic field B of 17.8 T in a dilution refrigerator, while sample 
WM and samples #2 and HM were measured in a helium-3 refrigerator up to 25 and 36 
T provided by the water-cooled resistive and hybrid magnets, respectively, at the Tsukuba 
Magnet Laboratory of the NIMS. 15 The field was rotated in the (010) and (110) planes, and 
the field angles 0(oio) an d ^nio) were measured from the [001] axis. 

Figure 1(a) shows an example of the dHvA torque oscillation. This measurement was 
performed on sample #2 in the hybrid magnet up to 36 T. Fast oscillations with small ampli- 
tudes are visible near the high-field side of the data. Figure 1(b) shows the Fourier transform 
of the oscillation in an inverse field. The frequencies 7; and jh near F = 5 kT are clearly 
resolved in addition to three relatively low frequencies, i.e, the second harmonic of a (2a), 
Pi, and Ph- Figures 1(c) and 1(d) show two more examples of the Fourier transforms of the 
dHvA oscillations observed in sample #11. Figure 2(a) shows the angular dependence of the 
dHvA frequencies. The six fundamental-frequency branches a, (3, 7, S, e, and ( are clearly 
visible, among which P is composed of the symmetry-related sub-branches Pi, Ph, P x i, Pxh-, 
and P y , and 7 appears as a doublet (7; and 7^) for some field directions. The second harmonic 
of a is also observed in a wide range of field directions. The effective mass m* and Dingle 
temperature x* D associated with dHvA orbits were estimated for the selected field directions 
from the temperature and field dependences of dHvA oscillation amplitudes, respectively, 16 
and are listed in Table I, where carrier mean free paths / are also derived from F, m* , and 
x D . 

The electronic band structure of BaNi2?2 was calculated within the local density approxi- 
mation (LDA) by using a full potential LAPW (FLAPW) method. We used the program codes 
TSPACE 17 and KANSAI-06. The following experimental lattice parameters 12 were used for 
the calculation: a = 3.947 A, c = 11.820 A, and z = 0.3431 for the 4e sites of P. 
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Fig. 1. (Color online) Examples of (a) the dHvA torque oscillation in BaNi2P2 and (b-d) the Fourier 
transforms of dHvA oscillations (in inverse field) . In (a) , a smooth background has been subtracted. 
In (b-d), dHvA frequencies are labeled with Greek letters, and "2a", etc. indicate the second 
harmonic of a and so on. The field directions are indicated in the figures. 



Figures 3(a) and 3(b) show the calculated electronic band structure and the total and 
partial densities of states near the Fermi level Ep of BaNi2P2- These results are in good 
agreement with previously published ones. 18 Four bands 25-28 cross the Fermi level. The 
density of states at Ep is 50.77 states/Ry f.u., where f.u. is an abbreviation for formula unit. 
This corresponds to the Sommerfeld coefficient of 7 = 8.78 mJ / molK 2 , but no experimental 
value has been reported. Approximately one-half of the density of states comes from the Ni- 
d states. The calculated Fermi surface is shown in Fig. 2(b). The carrier numbers are 0.06 
and 0.88 holes for band-25 and 26 hole surfaces, respectively, and 0.60 and 0.34 electrons for 
band-27 and 28 electron surfaces, respectively. Note that BaNi2P2 is a compensated metal. 
The theoretical dHvA frequencies calculated from this Fermi surface are shown in Fig. 2(a) 
and compared with the experimental ones. Table I also shows a comparison of the calculated 
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Fig. 2. (Color online) (a) Angular dependence of the experimental dHvA frequencies compared with 
the calculated ones. For the calculated band-25 frequencies, the second harmonics are also shown, 
(b) Calculated Fermi surface of BaNi2P2- Some of the possible dHvA orbits are indicated. Points 
of symmetry (solid circles) and lines of symmetry (open circles) in the Brillouin zone are explained 
in the top left figure. 



frequencies and band masses m^and with the experimental ones for the selected field directions. 

Figure 2(a) indicates that all the four surfaces are experimentally observed and that the ex- 
perimental and calculated dHvA frequencies are in excellent agreement: discernible deviations 
are found only for the smallest frequency branch a. Namely, it is experimentally confirmed 
that the LDA band-structure calculation can accurately describe the electronic structure near 
the Fermi level of BaNi2P2- This contrasts sharply with the situation encountered when Fe- 
based compounds, such as LaFeAsO, BaFe2As2, and LaFePO, are considered. The electronic 
structures of these compounds are unusually sensitive to the atomic coordinate z of As or P, 
and problems, such as the failure of structural optimization in nonmagnetic calculations and 
the overestimation of magnetic moment in magnetic calculations, are observed (see discussions 
in refs. 19 and 20). 

As can be recognized from the band-26 hole surface [Fig. 2(b)], the Fermi surface of 
BaNi2P2 is three-dimensional. This is another important contrast to the cases of the Fe-based 
compounds, in which the Fermi surface in the tetragonal structure is quasi-two-dimensional, 
composed of cylindrical surfaces, except for the possible existence of a small closed surface 
in LaFeAsO. 21-23 This difference can basically be understood as follows. Because of the hy- 
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Table I. Experimental and calculated Fermi surface parameters of BaNi2P2- 
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Fig. 3. (Color online) (a) Calculated electronic band structure along the high symmetry directions 
near the Fermi level Ep of BaNi2P2- (b) Total and partial densities of states. 



bridization between the transition-metal d and the pnictogen p states, the electronic bands 
near the Fermi level can be loosely grouped into bonding, nonbonding, and antibonding bands, 
corresponding to the three peaks of the density of states centered around 0.35, 0.47, and 0.6 
Ry [Fig. 3(b)]. While the bonding and antibonding bands are three-dimensional owing to the 
hybridization, the nonbonding bands are essentially two-dimensional because of the minimal 
overlap between transition-metal d orbitals along the c axis. The Fermi level of BaNi2?2 sits 
in the three-dimensional antibonding bands, whereas those of the Fe-based compounds are 
situated in the quasi- two-dimensional nonbonding bands. 

The last column of Table I shows that the dHvA mass enhancement m* /niband is ~ 2. It 
is interesting to note that this value is similar to the enhancement of 2.3 found in the typical 
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phonon-mediated strong-coupling superconductor Pb (T c = 7.2 K). 24 In ref. 25, the electron- 
phonon coupling constant X ep in BaNi2As2 has been evaluated from first-priciples calculations, 
and the corresponding mass enhancement 1 + A ep = 1.76 is close to our experimental value for 
BaNi2P2- The authors of ref. 25 argue that BaNi2As2 is a phonon-mediated superconductor 
and suggest that a role played by spin fluctuations, if any, is to suppress T c rather than to 
promote it. 

Finally, we mention reports of dHvA measurements performed on related compounds. For 
LaFePO, dHvA frequencies in the range F ~ 1 ~ 3 kT have been observed. 26 ' 2 All the 
frequencies can be attributed to warped cylindrical Fermi surfaces and seem to basically be 
explained by band-structure calculations. However, the quantitative agreement between the 
observed and calculated frequencies is rather poor, which is probably related to the difficulty 
in the band-structure calculations of the Fe-based compounds mentioned above. The dHvA 
mass enhancement is estimated to be about four in ref. 26 and about two in ref. 27. The 
factor-of-two difference again seems to suggest the difficulty in band-structure calculations. 
It has also been reported that dHvA oscillations are observed in SrFe2As2- 28 However, only 
small frequencies (F < 0.4 kT) are reported, and since measurements are in the orthorhombic 
antiferromagnetic phase, a straightforward comparison with band-structure calculations or 
the present data is difficult. 

In summary, we have performed dHvA measurements and a band-structure calculation 
for BaNi2P2- All the four surfaces of the Fermi surface predicted by the calculation are ex- 
perimentally observed, and the agreement between the experimental and calculated dHvA 
frequencies is excellent. The determined Fermi surface is large and three-dimensional, in con- 
trast to the Fermi surface in the Fe-based compounds. The mass enhancement is about two, 
which is close to the theoretical value estimated for BaNi2As2. 25 
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